INTRODUCTION
During recent years, much work has been devoted to the study of nucleic acids triplexes. It has been demonstrated that homopyrimidine oligonucleotides can be targeted to homopurinehomopyrimidine tracts of DNA. The oligonucleotides bind to the major groove of DNA, forming a triple helix. Sequence specificity is achieved by Hoogsteen hydrogen bonding interaction of thymine with A·T and protonated cytosine with G·C base pairs, respectively. These results and others concerning homopurine oligonucleotides, mixed oligonucleotides and modified oligonucleotides have opened a new field of investigation (the so-called anti-gene strategy), largely aimed at the design of sequence-specific gene modulators (1-6 and references therein).
The formation of a local triple helix can affect gene expression in several ways (1) (2) (3) (4) (5) (6) ). However, a major problem in in vitro and in vivo experiments arises from the stability of the triplexes. Even if the triplexes are stable under physiological conditions, they can be displaced by the replication or the transcription machinery (1) (2) (3) (4) (5) (6) . One possibility to avoid this displacement is to cross-link the third strand to the duplex. This has been achieved by attaching covalently to the oligonucleotides reagents able to react spontaneously or after light activation with the duplexes (2) . Among the chemical reagents, platinum(II) derivatives have been already used in duplexes (7) (8) . Gruff and Orgel (9) demonstrated that binuclear platinum(II) complexes of the form [{trans-Pt(NH 3 ) 2 Cl} 2 {NH 2 (CH 2 ) n }]Cl 2 react rapidly with oligodeoxynucleotide-5′-phosphorothioates and then with polypurine tracts in triple helical DNA.
Our aim was to determine whether the bifunctional compound trans-diamminedichloroplatinum(II) (transplatin) could be used as a cross-linking reagent in triplexes. Recent results on nucleobases have shown that replacement of a weakly acidic N-H proton in a hydrogen bond between two nucleobases by a metal species of suitable geometry generates metal-modified nucleobase pairs (10) (11) (12) . The linkage between the two nucleobase pairs becomes considerably stronger as hydrogen bonds are replaced by covalent bonds. In the case of G·C Hoogsteen pairing and transplatin, the platinated pair fits almost exactly the requirement of normal DNA as far as interglycosyl distances are concerned. These results suggested that a monofunctional adduct trans-[Pt(NH 3 ) 2 (dC)Cl] + within the Hoogsteen strand of a triplex is in an ideal position to cross-link the complementary purine-rich strand. They also suggested that the platinated C residue can be replaced by a platinated G residue but the cross-linking reaction requires a switch from the anti to the syn conformation for the platinated G residue. In this paper, we have studied the cross-linking reaction between homopyrimidine oligonucleotides containing a single transplatin monofunctional adduct (trans-[Pt(NH 3 ) 2 (dC)Cl] + or trans-[Pt(NH 3 ) 2 (dG)Cl] + ) and the complementary duplex. We show that specific interstrand cross-links are formed. The rate and the yield of the cross-linking reaction depend upon the nature and location of the monofunctional adduct residue within the Hoogsteen strand.
MATERIALS AND METHODS
The oligodeoxyribonucleotides, purchased from Institut Pasteur (Paris) were purified by ion-exchange chromatography on a Pharmacia FPLC system (13) . Their sequences are given in Figure 1 . Endonucleases, alkaline phosphatase and T4 DNA ligase were from Biolabs or Boehringer Mannheim, transplatin was from Johnson Matthey, electrophoresis-grade acrylamide and the other chemicals from Merck. The radioactive products * To whom correspondence should be addressed. Tel: +33 238 51 55 84; Fax +33 238 63 15 17; Email: leng@cnrs-orleans.fr 
In the case of III*, Pt-C is located at any of the four positions (1, 7, 11, 16 were from Amersham. The plasmid pLYR was constructed by insertion of the duplex (d(GTCAGAAAAAGAAAGAAAAGA-AACG).d(CGTTTCTTTTCTTTCTTTTTCTGAC)) into SmaI restriction site of plasmid pSP73 by standard procedures and then transformed in Escherichia coli HB101. The cloning was confirmed by DNA sequencing.
Platination
For sake of clarity, the unplatinated oligonucleotides (19mer) are designated by I, II and III, and the corresponding oligonucleotides containing a single monofunctional adduct I*, II* and III*, respectively. Oligonucleotides I* and II* containing the monofunctional adduct trans-[Pt(NH 3 ) 2 (dG)Cl] + were prepared as previously described (14) with some modifications. The oligonucleotides I and II (40 µM) were incubated at 37_C for 30 min with trans-[Pt(NH 3 ) 2 Cl(H 2 O)] + (generated by allowing transplatin to react with AgNO 3 overnight) at a platinum/oligonucleotide molar ratio equal to 4, in 10 mM NaClO 4 , 4 mM acetate buffer, pH 3.6. The platination of the oligonucleotide III was performed in 10 mM NaClO 4 . The platinated oligonucleotides containing a single monofunctional adduct were purified by FPLC in a gradient of 0.2-0.6 M NaCl (neutral pH). The purified oligonucleotides were dialyzed against 0.1 M NaCl for 2 h at 4_C. They were stored at -20_C before use. It was verified that all the platinum residues within the platinated oligonucleotides were removed by treatment with 10 mM thiourea for 10 min at 37_C (30) .
Gel retardation assay
The DNA duplex (25 bp) was obtained by hybridization of the two complementary oligonucleotides d(GTCAGAAAAAGAA-AGAAAAGAAACG) (called purine-rich strand) and d(CGTTT-CTTTTCTTTCTTTTTCTGAC) (called pyrimidine-rich strand) in 150 mM NaClO 4 , 2 mM phosphate buffer pH 6.5. To the double-stranded DNA (c = 0.6 µM) was added an excess (arbitrarily two equivalents) of the platinated or unplatinated Hoogsteen strands and the mixtures were incubated in 150 mM NaClO 4 , 5 mM Mg(ClO 4 ) 2 , 5 mM acetate buffer pH 5.5, at 4_C for 1 h. The mixtures were analysed by gel electrophoresis under native conditions (10% polyacrylamide, 50 mM 2-[N-morpholino]ethanesulfonic acid (MES) buffer, adjusted at pH 5.5 with NaOH, 5 mM MgCl 2 ).
Interstrand cross-linking reaction
The mixtures containing the target double-stranded oligonucleotide (25 bp) and the Hoogsteen strands prepared as for the gel retardation assays, were incubated in 150 mM NaClO 4 , 5 mM Mg(ClO 4 ) 2 , 5 mM acetate buffer, pH 5 or phosphate buffer (pH range 6-7), at 37_C. Aliquots were withdrawn at various time intervals and analysed by gel electrophoresis under denaturing conditions (24% polyacrylamide/8 M urea). Quantitation of the gel bands was done on a Molecular Dynamics PhosphorImager using ImageQuant software version 3.3 for data processing.
Mapping of the interstrand cross-links
The products containing the interstrand cross-links were purified on a 10% polyacrylamide gel under native conditions (pH 8). The location of the platinated bases in the purine-rich strand was determined by dimethylsulfate (DMS) footprinting experiments as previously described (15) (16) 19) .
Reaction between the Hoogsteen strands and plasmid DNA
The plasmids (pSP73, pLYR) were digested by endonuclease HindIII. The linear DNAs (c ∼ 0.1 µM) were incubated respectively with two equivalent of 32 P-labeled oligonucleotides I* or II* in the conditions described above for the interstrand cross-linking reaction. The products of the reaction were analysed by gel electrophoresis [1.4% agarose gel, 40 mM tetraacetic acid (TAE) buffer, pH 8.1].
RESULTS
Several single-stranded oligonucleotides (19mer) (see . The purine-rich strand (25mer) was 32 P-labeled at the 5′ end. After hybridization with its complementary strand, the duplex was mixed with the different 19mers, respectively, as described in Materials and Methods. The mixtures were analysed by gel electrophoresis under native conditions. The symbols above the lanes stand for: ss, single-stranded purine-rich oligonucleotide (25mer), ds, target duplex (25 bp), ds + I and ds + I*, the target duplex plus the oligonucleotide I or I*, ds + II and ds + II*, the target duplex plus the oligonucleotide II or II*. The buffer for the electrophoresis was 50 mM MES adjusted to pH 5.5 with NaOH, 5 mM MgCl 2 . The gel was run at 37_C.
Monofunctional trans-[Pt(NH 3 ) 2 (dG)Cl] + adduct
Stability of the triplexes. The first step was to determine whether the presence of the monofunctional adducts within the Hoogsteen strand prevented the formation of the triplexes. The double helix (25 bp) and the homopyrimidine oligonucleotides (19mer) containing or omitting a single monofunctional trans-[Pt(NH 3 ) 2 (dG)Cl] + adduct were mixed, incubated in 150 mM NaClO 4 for 1 h at 4_C and then analysed by gel-retardation assays at 37_C and pH 5.5. As shown in Figure 2 , the triplex with platinated oligonucleotide I* (the platinated G is at the 5′ end of the oligonucleotide) is stable whereas triplex with the platinated oligonucleotide II* (the platinated G is at the seventh position from the 5′ end) is partially dissociated. In the same experimental conditions but at 20_C, free duplexes were not detected (not shown). As the pH was increased, all the triplexes were partially dissociated and completely dissociated at pH 7 (not shown).
Rate of the interstrand cross-linking reaction. The triplexes in which the purine-rich strand was 32 P-labeled at the 5′ end, were incubated at 37_C and in the pH range 5-7. As a function of time, aliquots were withdrawn and analysed by gel electrophoresis under denaturing conditions. The results relative to platinated oligonucleotide I* are shown in Figure 3 (left). At pH 5 and time = 0 of incubation, only one band corresponding to the purine-rich strand is present. After longer times of incubation, the intensity of this band decreases whereas three new slowly migrating bands (a major one and two minor ones ; the sum of the intensities of the two minor bands over the sum of the intensities of the three bands is 10-15%) appear. The τ 1/2 ( monofunctional adduct within the triplex) is ∼6 h (Fig. 3, right) . At pH 6, the results were similar but fewer cross-links (70%) are formed (Fig. 3, right) . No cross-links were formed at pH 7.
Similar experiments were repeated with platinated oligonucleotide II*. After 24 h incubation at 37_C, ∼7% of interstrand cross-links were formed. An explanation for this low yield is that the triplex was in part dissociated (Fig. 2) . In favor of this explanation was the fact that the yield increased up to ∼20% when the triplex was incubated at 30_C for 24 h.
Both sets of experiments were also done with the triplexes containing the labeled pyrimidine-rich strand. No interstrand cross-links were detected by gel electrophoresis under denaturing conditions which confirms the formation of the cross-links between the Hoogsteen strand and the purine-rich strand.
Location of the interstrand cross-links. The platinated triplexes were incubated for 24 h, at pH 5 and at 37_C (third strand I*) or at 30_C (third strand II*). The cross-linked triplexes were separated from the non-cross-linked triplexes by gel electrophoresis under native conditions (buffer TBE, pH 8), conditions in which the non-cross-linked triplexes were dissociated. The cross-linked triplexes were eluted from the gel and then reacted with dimethylsulfate (DMS).
With regard to the triplex with third strand I*, at pH 8.5 DMS reacts with all the G residues but G5 within the 25mer purine-rich strand (Fig. 4) . This shows that the main cross-link is between the platinated G (strand I*) and G5 (purine-rich strand). It is likely that the minor bands (Fig. 3, left) are due to the cross-links between the platinated G and the two A residues adjacent to G5 on the 3′ and 5′ sides, but this has not been definitively proved. At pH 7, all the other G residues are less reactive with DMS. It means that the platinated Hoogsteen strand is paired to the duplex even at neutral pH and thus the triplexes are strongly stabilized by the interstrand cross-links.
In the case of the triplex with third strand II*, at pH 8.5 DMS reacts with all the G residues except G11 whereas at pH 7, the reactivity of all the G residues is greatly reduced (not shown).
Specificity of the cross-linking reaction.
To determine whether other sites including a single G residue within a DNA molecule could react with the platinated Hoogsteen strand, the following experiment was done. The double-stranded oligonucleotide (25 bp) was inserted into the plasmid DNA pSP73 (2464 bp). The DNAs with and without the insert, were cleaved by endonuclease HindIII (the insert is at 33 bp from the 3′ end). The linear DNAs were mixed respectively with the Hoogsteen strand I* 32 P-labeled at the 5′ end, incubated at pH 5 or 7 at 4_C for 1 h and then for 24 h at 37_C. The mixtures were analysed on an agarose gel under native conditions. As shown in Figure 5 , radioactivity is only detected at the level of the DNA with the insert. In Figure 4 . Dimethylsulfate footprinting of the cross-linked triplexes. Autoradiogram of a denaturing 24% polyacrylamide gel showing the reactivity of DMS with the guanine residues within the purine-rich strand of the cross-linked triplexes, the third strand being the oligonucleotide I*. The purine-rich strand was 32 P-labeled at the 5′ end. The reaction with DMS was done at pH 8.5 or 7. Prior to the piperidine cleavage step, the samples were incubated in 0.2 M NaCN (basic pH) at 50_C overnight to remove the platinum residues. The arrow, on the right of the figure, indicates the platinated G residue. Lanes G+A and G: Maxam-Gilbert-specific reaction products. addition, it was verified that the yields of the cross-linking reaction between the oligonucleotide I* and the duplex (25 bp) free or inserted into the plasmid, were of the same order of magnitude (the plasmid was first cleaved by HindIII, 32 P-labeled at the 3′ end and incubated with the oligonucleotide I*. Then EcoRV was added to the mixture. The cross-linking reaction was analysed by gel electrophoresis under denaturing conditions. The yield of the cross-linking reaction was estimated from the relative intensities of the two bands corresponding to the cross-linked and non-cross-linked fragments, respectively (not shown)).
A similar experiment was done with platinated oligonucleotide II*. Interstrand cross-links were only formed with the inserted target.
Intra-strand cross-linking reaction in platinated single-stranded oligonucleotides.
The stability of the triplexes depends upon the pH of the solution and the concentration of the free oligonucleotides containing a monofunctional adduct. As a function of time during the cross-linking reaction, the concentration of the free oligonucleotides containing a monofunctional adduct decreased because of the closure of the monofunctional adducts into intrastrand cross-links. This reaction is well-documented (17) (18) . In the pH range 5-7, we found that the τ 1/2 of the monofunctional adducts within the oligonucleotides I* and II* were equal to 5 ± 0.5 h in agreement with the published results (19) (20) (21) (22) . This competitive intrastrand cross-linking reaction within the free platinated Hoogsteen strand can lead to a decrease of the interstrand cross-linking reaction yield within the triplexes. 
Monofunctional trans-[Pt(NH 3 ) 2 (dC)Cl] + adduct
All the experiments just described were also done using oligonucleotide III* as Hoogsteen strand, which contains a single monofunctional trans-[Pt(NH 3 ) 2 (dC)Cl] + adduct.
The presence of the adduct destabilized the triplex. At 37_C and pH 5.5, the presence of two bands of equal intensities in the gel-retardation assays (not shown) indicated a partial dissociation of the triplex. Nevertheless, the cross-linking reaction occurred during the incubation of the triplex (Fig. 6, left) . There are three slowly migrating bands which indicates that at least three different interstrand cross-links are formed. The cross-linking reaction rapidly reaches a plateau, the τ 1/2 (monofunctional adduct within the triplex) being ∼2 h. After 8 h incubation, addition of oligonucleotide III* to the mixture resulted in the formation of more interstrand cross-links. As discussed in the case of oligonucleotide II*, the low yield of the cross-linking reaction is due, at least in part, to the dissociation of the triplex and to the formation of intrastrand cross-links within free oligonucleotide III*. Dimethylsulfate footprinting of the cross-linked triplexes. Autoradiogram of a denaturing 24% polyacrylamide gel showing the reactivity of DMS with the guanine residues within the purine-rich strand of the cross-linked triplexes, the third strand being the oligonucleotide III* target. The purine-rich strand was 32 P-labeled at the 5′ end. The reaction with DMS was done at pH 8.5. Prior to the piperidine cleavage step, the samples were incubated in 0.2 M NaCN (basic pH) at 50_C overnight. The arrows, on the right of the figure, indicate the platinated G residues. Lanes G+A and G: Maxam-Gilbert-specific reaction products.
After purification of the triplexes containing an interstrand cross-link, the location of the interstrand cross-links was probed by means of DMS. The reactivity of the G residues within the purine-rich strand is largely decreased as compared with the same G residues within the duplex (Fig. 7) . This suggests that whatever the position of the monofunctional adduct in the oligonucleotide, it further reacts to form interstrand cross-links within the triplex. It was not attempted to compare the reactivity of the C residues in the two steps of the reaction (formation of monofunctional adducts, formation of interstrand cross-links). However, to make sure that the C residue at the 5′ end of oligonucleotide III did not play a major role, the experiment was repeated with an 18mer which had the same sequence as the 19mer III but no C residue at the 5′ end. The results (not shown) confirmed the formation of interstrand cross-links at the three sites.
Finally, the specificity of the cross-linking reaction was proved by comparing the binding of oligonucleotide III* to pSP73 DNA with and without the insert. Interstrand cross-links were only formed with DNA containing the insert.
DISCUSSION
The purpose of this work was to study in triplexes the cross-linking reaction between a Watson-Crick duplex and its complementary Hoogsteen homopyrimidine strand which contained a single transplatin-monofunctional adduct.
The Hoogsteen strand was either the 19mer d(CT 5 CT 3 CT 4 CT 3 ) or the same oligonucleotide in which one C residue (C1 or C7) was replaced by one G residue. (dG) Cl] + at position 1 or 7, respectively). In the case of oligonucleotides I and II which contain only one G residue, the platination was done at acidic pH (below the pK of C residues) which prevented reaction with the C residues (19, 21) . In the case of oligonucleotide III which contain several C residues (but no G residues), all the C residues appeared to react with transplatin. Ion-exchange chromatography allows separation of oligonucleotides bearing one adduct from those bearing several adducts but does not allow separation of oligonucleotides III* modified at one of the four C residues. It is not yet possible to platinate only one C or G residue within an oligonucleotide containing several C or G residues. This should no longer be a problem since two very recent and independent reports (23, 24) have shown that sitespecifically platinated oligonucleotides can be prepared by using automated solid-phase synthesis.
The platinated oligonucleotides are able to bind to the complementary duplex and form interstrand cross-links. The reaction is specific in the sense that no interstrand cross-links were formed with DNA which did not contain the complementary duplex. The platination of the oligonucleotides does not interfere with a parallel orientation of the Hoogsteen strand with respect to the purine-rich strand as shown by the location of the interstrand cross-links. The interstrand cross-links are only formed with the residues within the purine-rich strand, these residues being almost exclusively G residues. A systematic study has still to be done but it is likely that the cross-linking reaction could occur with an A residue if the G·C base pair complementary to the monofunctional adduct were replaced by a A·T base pair. The interstrand cross-links stabilize the triplexes as shown by the protection of the G residues within the purine-rich strand to DMS at pH 7 (in the same experimental conditions, the unplatinated Hoogsteen strand does not bind to the duplex).
The cross-linking reaction is the fastest with the strand containing the monofunctional adduct trans-[Pt(NH 3 ) 2 (dC)Cl] + (τ 1/2 ∼2 h). However, the apparent yield of interstrand cross-links is only ∼35%. Two reasons can explain this low yield. One is that the monofunctional adduct, which prevents the formation of an hydrogen bond, destabilizes the triplex (in our experimental conditions, half-triplex was dissociated). The other reason is a suicide reaction which occurs simultaneously with the cross-linking reaction. This reaction concerns the closure of the monofunctional adduct into intrastrand cross-link within the free platinated Hoogsteen oligonucleotide (τ 1/2 (trans-[Pt(NH 3 ) 2 (dC)Cl] + ) ∼5 h). The consequence is a decrease of the concentration of this free oligonucleotide and thus a possible dissociation of the Hoogsteen strand from the triplex.
The highest yield of the cross-linking reaction is obtained with the monofunctional trans-[Pt(NH 3 ) 2 (dG)Cl] + adduct at the 5′ end of the Hoogsteen strand (oligonucleotide I*) and the lowest with the same adduct in the middle of the strand (oligonucleotide II*). As discussed, the yield depends upon the stability of the complexes and the competitive suicide reaction of the monofunctional adducts. To a first approximation, the rates of the suicide reactions within the free platinated single-stranded oligonucleotides (I*, II* and III*) are independent of the nature and location of the monofunctional adduct. In our experimental conditions, the triplex with oligonucleotide I* is stable. The rate of the interstrand cross-linking reaction (τ 1/2 ∼6 h) is three-fold slower than that with Can the yield and the rate of the cross-linking reaction be increased? It is clear that the monofunctional adducts decrease the affinity of the Hoogsteen strand for the duplex and subsequently decrease the yield of the reaction. Several papers have described ways to increase the binding strength of the Hoogsteen strand (25-27 and references therein) and we are currently investigating some of them. The mechanism of the interstrand cross-linking reaction is still unknown. Two main pathways exist for the closure of the monofunctional lesions into bifunctional lesions (29) . One pathway is a direct nucleophilic attack of the G residue within the purine-rich strand on the platinum residue. There are only few examples of such a pathway in platinated nucleic acids (19, 21, 22, 28) . A major point of interest of this pathway is that in principle, the reaction can complete in a few minutes. The more general pathway proceeds through solvent-associated intermediates and the rate-limiting step is hydrolysis of the chloride ion of the monofunctional adduct (17, 20, 29) . From the values of the τ 1/2 (monofunctional adducts in the triplexes) in the range 2-6 h, we cannot choose one of the two mechanisms. Whatever the mechanism, assays for accelerating the cross-linking reactions are in progress by replacing transplatin by transplatin derivatives with various leaving or non-leaving groups.
Concerning the anti-gene strategy, in addition to the suicide reaction of the free platinated oligonucleotides, another problem specific to platinated oligonucleotides is that the cells contain several compounds such as glutathione or proteins which react strongly with platinum(II) complexes (17, 20, 30) . We have verified that glutathione or thiourea react poorly with platinum(II) residues within the triplexes whereas they do react with the monofunctional adducts within the single-stranded oligonucleotides. Although several problems still exist, it seems possible that the platinated oligonucleotides could serve to improve the efficiency of the anti-gene oligonucleotides in modulation of gene expression and also as a tool in molecular biology.
